Abstract. It is believed that breast cancer stem cells (BCSCs), like normal stem cell counterparts, have the capacity of selfrenewal and differentiation. Simultaneously, estrogen receptor (ER)-negative (-) BCSCs are affected by surrounding differentiated ER-positive (+) tumor cells by virtue of paracrine signaling within the tumor micro environment. Genistein (GEN), as a sort of phytoestrogen, can act on ER + breast cancer cells but the role of GEN in the differentiation of neighboring ER -BCSCs has not been defined. Transwell co-culture system was utilized so as to elaborate the interaction between welldifferentiated ER + breast cancer cells (MCF-7) and ER -breast cancer stem/progenitor cells (mammospheres derived from MDA-MB-231 cells). GEN-induced differentiation of BCSCs was analyzed by mammospheres formation assay, flow cytometry and RT-PCR after a 3 day solo-culture or co-culture. We find that GEN sized 2 µM, and 40 nM, effectively promotes morphological alteration of mammospheres, reduces the ratio of subset of CD44 + /CD24 -/ESA + cells and upregulates the expression of differentiated cell markers of mammospheres in co-culture system, but not in solo-culture condition. Besides, we demonstrate that the differentiation-inducing effect of GEN on mammospheres is associated with PI3K/ Akt and MEK/ERK signaling pathways which are activated by amphiregulin released from ER + cancer cells. These results indicate that GEN was able to induce the differentiation of breast cancer stem/progenitor cells through interaction with ER + cancer cells by a paracrine mechanism.
Introduction
It was recently proposed that cancer stem cells (CSCs) play vital roles in tumor initiation, relapse, metastasis and resistance to conventional treatment (1, 2) . CSCs are a small population of tumor cells with the capacity of self-renewal and differentiation, in other words they behave like normal stem cells which are pluripotent to give rise to heterogeneous tumor phenotypes under different circumstances (3) . When chemotherapy kills the bulk of tumors but fails to kill CSCs, the surviving CSCs are able to generate new tumors after a period (4) . Likewise, endocrine-therapy-resistant estrogen receptor (ER)-positive (+) breast cancers could enrich ER-negative (-) CSC population (5) . Taking these viewpoints into consideration, drugs that can kill CSCs effectively are helpful to confront tumor cells when the treatment becomes invalid. Besides, another strategy is to induce CSCs to differentiate into matured tumor cells which are more susceptible and effective for treatment (6) . In either case, targeting CSCs or inducing differentiation of CSCs could have profound influence on cancer therapy and be beneficial to cancer eradication.
The existence of CSCs was verified in acute myelogenous leukemia for the first time, more recently, in solid tumors, such as breast, prostate, brain and colon cancers (7) (8) (9) , each of which has the expression of characteristic cell surface marker. For example, CD44 + /CD24 -/ESA + phenotype breast cancer cells that are able to give rise to tumors in the mammary fat pad of NOD/SCID mice have CSC properties (7) . Furthermore, CD44 + /CD24 -/ESA + cells isolated from breast cancer cells display the stem cell-like ability of self-renewal and resistance to chemotherapy (4, 5) . Clinical evidence has shown that breast cancer patients with the phenotype of CD44 + /CD24 -/ESA + have shorter disease-free interval and overall survival (10) . Breast cancer cells, when cultured in serum-free medium growing as spherical clusters, are called mammosphere cells which are undifferentiated but able to adhere into plates and differentiate into epithelial-like cells under differentiated conditions (11) . Hence, a subpopulation of cells displaying a specific CD44 + /CD24 -/ESA + in mammospheres is considered as breast cancer stem/progenitor cells in our experiment.
In normal mammary gland development, the role of ER is essential for proliferation of terminal end buds (TEBs) that cause the ducal elongation (12) . Previous studies have exhibited normal stem cell and breast cancer stem cell (BCSC) pools both lack ER expression (13 ) that maintain their stemness (15, 16) . Similarly, the analogous developmental hierarchy containing CSCs and more differentiated cells is supported in epithelial and other solid tumors. The studies come up with a question: will the well-differentiated ER + breast cancer cells have paracrine effect on ER -BCSCs when exposed to exogenous stimulation?
It is now believed that in the early development, breast cancer can be influenced by nutrition (17) . Compared with women in western countries, the incidence of breast cancer is suggested to be lower in Asian women, which has a certain relationship with dietary intake of soy isoflavone genistein (GEN) (18) . It is generally considered that during childhood and adolescence, high intake of soy foods could promote differentiation of mammary gland (19, 20) to prevent the development of breast cancer. However, it remains disputable whether it is effective in adult breast cancer patients. Given that GEN as a sort of phytoestrogen binds to ER when the local estrogen concentration is low (21), we raise an envisage possibility that GEN acts on ER + breast cancer cells secreting certain factor to promote the differentiation of neighboring ER -breast cancer stem/progenitor cells in the process. Based on the studies reviewed above, we used Transwell inserts to conduct a co-culture model to simulate the heterogeneity of breast tumors wherein ER + cells (MCF-7) and ER -stem cells (mammasphere cells derived from MDA-MB-231) were separated to analyze paracrine effect of GEN on BCSCs. We also investigated the direct impact of GEN on the proliferation and differentiation of breast cancer stem/ progenitor cells in vitro. We found that GEN-induced differentiation of breast cancer stem-like/progenitor cells was proved in co-culture system but not in solo-culture condition. We also provided proof suggesting a possible mechanism of how the differentiation-inducing activity occured.
Materials and methods
Cell lines and reagents. The human breast cancer cell lines MCF-7 and MDA-MB-231 were obtained from Shanghai Institutes for Biological Sciences. Both cells were cultured in phenol-red-free DMEM (Hyclone) supplemented with 10% charcoal-dextran stripped FBS (Biological industries) and 1% antibiotic-antimycotic solution (Invitrogen) in a humidified incubator at 37˚C with 5% CO 2 . GEN, 17-β estradiol and dimethyl sulfoxide (DMSO) were purchased from SigmaAldrich.
Mammosphere culture and mammosphere formation assay. For mammosphere culture, MDA-MB-231 cells were suspended at 10,000 cells/ml, seeded into 6-well ultra-low attachment plates (Greiner) in serum free DMEM/F12 (1:1) (Hyclone) containing 20 ng/ml epidermal growth factor (EGF, Peprotech), 10 ng/ml basic fibroblast growth factor (bFGF, Peprotech), 2% B27 (Invitrogen), and 0.4% bovine serum albumin (Sigma-Aldrich). On day 6 or 7, the first passage mammospheres (P1) were collected, dissociated into singlecell suspension mechanically, and replated in solo-culture or co-culture condition with treatment of GEN or DMSO. After a 3 day solo-culture or co-culture, the second passage of mammosphere cells (P2) were obtained and manually counted by inverted phase-contrast Zeiss Axiovert 25 microscope.
Co-culture condition. Six-well Transwell inserts (CorningCostar) that had a polycarbonate membrane with a pore size of 0.4 µm were used to conduct a co-culture model. The membrane allowed exchange of components of medium such as proteins and small molecules while prevented cell migration between the two chambers. MCF-7 cells were seeded in the Transwell inserts at the density of 5x10 4 cells/well. Suspension of mammospheres cells (P1) was added in the bottom chamber at the same density. The bottom chamber used in the experiments is 6-well ultra-low attachment plate for cell suspension culture. A diluted concentration of GEN (2 µM, and 40 nM) or DMSO was added in the medium of MCF-7 cells and mammosphere cells (P2) in the bottom chamber were collected during 3 days of co-culture for following experiments (Fig. 1) .
Isolation of RNA and quantitative RT-PCR.
The mammosphere cells (P2) in co-culture and solo-culture condition were harvested and total RNA was prepared using TRIzol (Invitrogen) following the manufacturer's protocols. Then RNA samples were converted into cDNA by PrimeScript™ RT Reagent kit (Takara). Synthesized cDNA was subjected to quantitative RT-PCR using a SYBR Green Master Mix kit (Invitrogen) according to the manufacturer's protocols. Fold changes of relative gene expression were calculated by 2 -∆∆Ct and the expression of β-actin was used as internal control. The primers for differentiation and stem state genes are presented in Table I .
Flow cytometric analysis. The mammosphere cells (P2) harvested were disaggregated gently, suspended as singlecells and stained with anti-CD44-APC, anti-CD24-FITC, anti-EpCAM-PE (Ebioscience), or their corresponding isotypematched controls (Ebioscience) according to manu facturer's protocol. After washing steps, the cells were analysed by flow cytometry (BD FACS Aria).
Protein extraction and western blot analysis.
The mammosphere cell (P2) lysates were prepared and loaded onto SDS-electrophoresis gel and transferred to nitrocellulose membranes. Membranes were incubated with primary antibodies against phospho-β-catenin, β-catenin, phosphoAkt (308), phospho-Akt (473), Akt (pan), phospho-ERK1/2, ERK1/2, Gsk3β, phospho-Smad2/3, Smad2/3, TGF-β (Cell Signaling Technology) or β-actin (Abcam), overnight at 4˚C. After washing steps with Tris-buffered saline with Tween-20 (TBST), the membranes were incubated with Alexa Fluor 800-labeled goat anti-rabbit IgG (KPL) for 1 h at room temperature. Specific proteins were detected and quantified using the Odyssey system (Li-Cor). Enzyme-linked immunosorbent assay. MCF-7 cells were seeded at a density of 4x10 5 cultured in phenol red DMEM +FBS, then switched to phenol-red-free DMEM +10% charcoal-dextran stripped FBS, supplement with 10 -10 M 17-β estradiol, 2 µM or 40 nM GEN and DMSO, respectively, for 24 h. Cells were washed and cultured with fresh phenol-redfree DMEM for 3 days. Then the fresh conditioned medium and the medium in co-culture condition filtering through a 0.2 µm microporous membrane were collected. An enzymelinked immunosorbent assay (ELISA) was used to measure the levels of AREG (Quantikine ELISA, R&D Systems) and epidermal growth factor (EGF) (Instant ELISA, Ebioscience) in the medium according to the manufacturer's protocol.
Statistical analysis.
Three independent experiments were performed and each experiment was conducted in triplicate. Statistical analysis was performed using ANOVA method, least significant difference (LSD) post-hoc test, and independent t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

GEN inhibits the formation of mammosphere cells (P2) effectively both in solo-culture and co-culture condition.
Consistent with a previous study (22) , mammospheres as floating spherical colonies could survive and self-renew under serum-free conditions ( Fig. 2A) . To investigate whether GEN could inhibit mammosphere cell (P2) formation, mammosphere formation assay was performed. After 3 days of co-culture, morphological changes of mammospheres (P2) in co-culture condition with MCF-7 cells were displayed (Fig. 2B) . Compared to controls, mammosphere cells (P2) with treatment of GEN tended to be smaller, turned into attached state and differentiated into epithelial-like cells (spindle cells similar to MDA-MB-231 cells) individually because they had lost the capacity of initiating. In co-culture and solo-culture condition, treatment with 2 µM GEN inhibited mammospheres (P2) formation by 52.4% and 48.4% and treatment with 40 nM GEN inhibited mammosphere (P2) formation by 43.8 and 46.9%, respectively (Fig. 2C) . Furthermore, no significant difference was found in reduction of the numbers of mammospheres between the co-culture and solo-culture group at the same concentration of GEN (P>0.05). Both doses of GEN had equal effect on inhibition of mammosphere formation (P>0.05) directly or indirectly. However, morphological changes of mammospheres did not exist in solo-culture condition. Therefore, we considered the morphological changes were mainly related to a paracrine effect rather than direct effect.
GEN significantly decreased the CD44 + /CD24
-/ESA + population in mammospheres (P2) under co-culture condition. We found that either 2 µM or 40 nM GEN decreased the ratio of population of CD44 + /CD24 -/ESA + in the mammosphere cells (P2) of the bottom chamber in contrast with DMSO group (Fig. 3A) . The results showed that after a 3 day co-culture, the treatment of mammosphere cells (P2) with GEN at 2 µM and 40 nM concentration resulted in reduction of CD44 + /CD24 -/ ESA + population by 27.6 and 18.1%, respectively (Fig. 3A) . By comparing these results, we concluded that the ratio of CD44 + /CD24 -/ESA + in high dose (2 µM) group was modestly lower than that in low dose (40 nM) group indicating that GEN at 2 µM had greater inhibitory effects (P<0.05) (Fig. 3B) . To explore the direct effect on altering the ratio of the specific population by GEN, we seeded single-cell suspension mammosphere cells (P1) into ultra-low attachment plates with the same concentration of GEN or DMSO. The result showed that there was no corresponding decrease in CD44 + /CD24 -/ESA + population of mammosphere cells (P2) (data not shown).
GEN affects mRNA expression of markers for differentiated or stem state in mammosphere cells.
We examined the mRNA expression of differentiation-associated and stem cell-associated genes with treatment of size 2 µM, and 40 nM GEN or DMSO, respectively. E-cadherin, α-smooth muscle actin (α-SMA) and Claudin-1 genes were reported as differentiation-associated genes while Slug, Snail and Fibronectin genes were reported with the opposite results (5,10,23). As shown in Fig. 4A , GEN upregulated mRNA expression of markers for differentiated cells and downregulated the expression of markers for the stem ones in the mammospheres cells (P2) by co-culture with MCF-7 cells. It was noteworthy that E-cadherin mRNA expression was increased by 19-and 6-fold in mammosphere cells (P2) treated with 2 µM and 40 nM GEN relative to DMSO group, respectively. In solo-culture condition, the expression of relevant genes of mammosphere cells (P2) treated with GEN or DMSO was quantified (Fig. 4B) . It was shown that mRNA expression of markers for differentiated cells was not increased, whereas this expression of markers for those representing stem ones was mostly increased. Stem cell-associated genes such as Fibronectin and Snail were increased by GEN in a direct way significantly (P<0.01).
Differentiation-inducing effect of GEN correlates with PI3K/Akt and MEK/ERK signaling. PI3K/Akt, MEK/ERK,
GSK3β/β-catenin and TGF-β/Smad signaling pathways were involved in inducing self-renewal and differentiation of stem cells (24) (25) (26) . To evaluate whether GEN induced differentiation of BCSCs, western blotting assay was conducted. The results had shown that in co-culture condition, not in solo-culture condition, the levels of phospho-Akt308/473 and phospho-ERK1/2 were elevated in mammosphere cells (P2) compared with controls (Fig. 5A) . Additionally, we found the level of phospho-β-catenin was increased both in co-culture and solo-culture condition (Fig. 5B) . There was no significant difference in the expression of total β-catenin protein in mammospheres representing less β-catenin accumulation in cytosol, i.e., inactivion of Wnt signaling. However, the amount of phospho-Smad2/3 and TGF-β did not differ between GEN (2 µM, 40 nM) group and DMSO group in co-culture condition (Fig. 5C) . Therefore, we supported that activation of PI3K/Akt and MEK/ERK signaling was induced by GEN in a paracrine manner.
Amphiregulin may be involved in differentiation induced
by GEN. In the western blotting experiments, PI3K/Akt and MEK/ERK signaling pathways were activated. We hypothesized one or two of EGFR family members were the paracrine factors released by ER + cells referring to previous studies (27) (28) (29) . We performed enzyme-linked immunosorbent assay to detect paracrine factors including conditioned medium and medium in co-culture system. The results showed that the levels of AREG in co-culture system and conditioned medium were significantly elevated in GEN group relative to controls (P<0.05). In co-culture medium, GEN at 2 µM and 40 nM concentration increased the level of AREG by 6.6-and 2.8-fold, respectively (Fig. 6A) , relative to controls. Additionally, in conditioned medium, treatment with GEN (2 µM, 40 nM) increased AREG concentrations to a similar extent (6.6-and 2.9-fold) compared with controls (Fig. 6B) . The results also exhibited that the conditioned medium with treatment of 17-β estradiol (10 -10 M) contained high level (11.2-fold) of AREG confirming the paracrine effect existed in the ER + breast cancer cells by low concentration of estrogen. However, levels of EGF with treatment of GEN or DMSO in co-culture or conditioned medium were not detected (data not shown). As a result, we deduced, AREG was one of the paracrine factors promoting the differentiation of BCSCs.
Discussion
Some drugs have been found specifically killing CSCs (30, 31) , whereas, our strategy for focusing BCSCs is searching for a certain drug or compound that can induce differentiation of BCSCs. In our study, Transwell inserts were applied to establish a co-culture model so as to elaborate the interaction between MCF-7 cells and mammosphere cells. The size 0.4 µm of membrane of inserts allows small molecules of medium exchange freely, which involves GEN absolutely.
To remove the disturbance of the direct effect of GEN on mammosphere cells from MDA-MB-231, medium containing different levels of GEN or DMSO for mammosphere cells was studied as contrast. Previous studies have manifested the concentration range from 40 nM to 2 µM in sera of dietary soy food consumers (32, 33) , therefore the two threshold doses were used in the following experiments. In vitro, a number of aspects were demonstrated to judge the level of differentiation, such as cell morphological change of mammosphere cells, expression of cell surface markers, and upregulation or deregulation of certain genes representing differentiation or stem state.
As our experiments exhibited, in a paracrine manner, the suppression of proliferation of mammosphere cells (P2) combined with morphological changes (from floating spherical cells to adherent spindle cells) is induced by GEN. To verify whether 2 µM or 40 nM GEN could target BCSCs, we selected cell surface protein CD44 + /CD24 -/ESA + as BCSCs biomarkers. The reduction of ratio of CD44 + /CD24 -/ESA + which enriches CSCs is found both in 2 µM and 40 nM GEN in co-culture condition. However, the higher dose (2 µM) GEN demonstrates a more robust restraint of the specific subpopulation. The alteration at transcription level by GEN includes up regulation of the expression of differentiation-associated genes and down regulation of the expression of stem cell-associated ones in co-culture condition, respectively. In solo-culture condition, GEN decreases the population of BCSCs to a similar extent without morphological changes, which is also proved by other groups (34) . Medium containing 2 µM or 40 nM GEN does not have an effect on the ratio of specific subpopulation of mammosphere cells, but upregulates stem cell-associated genes (Fibronection and Snail). Thus, we can conclude that GEN not only decreases the number of mammospheres derived from MDA-MB-231 cells but also promotes the differentiation of mammosphere cells in a paracrine manner. It is assumed that GEN has influence on the number of mammospheres, but not on the morphological changes and the ratio of CD44 + /CD24 -/ ESA + among the mammospheres directly. It is known that activated canonical Wnt signaling by β-catenin tends to facilitate cell growth and inhibits differentiation (35) . It is noteworthy that both in co-culture and solo-culture condition, phospho-β-catenin protein levels are increased concerning unchanged total β-catenin protein levels, which represents that the amount of β-catenin for ubiquination/degradation is elevated. However, the process does not have significant alteration of GSK3β protein levels, which indicates the process is probably not mediated by activation of GSK3β protein. Some studies have shown that the inhibition of β-catenin-mediated Wnt signaling by GEN is partly through increasing E-cadherin protein or enhancing secreted frizzled-related protein-2 (Sfrp-2) (34, (36) (37) (38) . The suppression of Wnt signaling in co-culture and solo-culture condition may account for the inhibition effect on mammosphere formation by GEN.
Though activation of both PI3K/Akt and MEK/ERK signaling pathways is demonstrated in our present data, their precise roles in differentiation of BCSCs have not been confirmed. As to MEK/ERK signaling, similar effects have been clarified in other systems including mammary epithelial cells (MECs) and embryonic stem cells. Sustained activation of ERK by TGF-α in primary mouse MECs gives rise to branching morphogenesis (39) . Additionally, in human MECs, sustained activation of ERK by EGF accelerates appearance of myoepithelial cells to promote differentiation (40) . On the other hand, the role that PI3K/Akt signaling plays in maintenance and differentiation of stem/progenitor or epithelial cell remains intricate and controversial (26, 41, 42) . In mammary epithelial cells, studies show that the expression of phosphatase and tensin homolog (PTEN), a negative regulator, is up regulated by GEN which is considered to antagonize the PI3K/Akt pathway (43, 44) . Generally, GEN is developed and used as a protein tyrosine kinase inhibitor and an ER agonist to block PI3K/Akt activation. Nevertheless, with treatment of GEN, the level of phospho-Akt 308/473 expression in soloculture mammosphere cells does not differ according to our study, which means the inhibition of PI3K/Akt signaling by GEN in breast cancer is probably mediated by ER (30) or the concentration of GEN is not appropriate for suppression (45) . Given that mammosphere cells from MDA-MB-231 cells lack ER and PR expression (46, 47) , GEN as a kind of phytoestrogen could not bind to ER to have antiproliferative effects by reduction of PI3K/Akt signaling. Noteworthy, the level of phospho-Akt 308/473 of mammosphere cells (P2) in co-culture system is evaluated, which further elucidates that MCF-7 cells with treatment of GEN have released certain factors causing mammosphere differentiation by altering corresponding down-stream signaling pathways.
In Transwell co-culture system, with GEN acting on upper chamber cells, the levels of phosphorylation of the above two signaling pathways are increased while GEN, when administered as a part of the medium, could not function directly. In consequence, we focus on the upstream of the two major pathway, EGFR ligands (EGF, AREG, TGF-α), one or two of which probably could be the key paracrine factor. Our initial hypothesis before the study was that GEN as phytoestrogen can also regulate ER -stem cell differentiation mediated by ER + cells. Eventually it is confirmed by the enzyme linked immunoabsorbent assay demonstrating that GEN may act on MCF-7 cells in the inserts eliciting AREG in the medium which in turn promotes the differentiation of cells in the bottom chamber. To address whether AREG in the medium is secreted by MCF-7 cells or AREG autocrine regulation exists, conditioned medium was obtained to conduct the assay and similar results were seen in the conditioned medium of both doses of GEN. By comparison, the higher GEN dose (2 µM) displays a more robust release of AREG levels, which is consistent with the greater inhibition of the subpopulation of CD44 + /CD24 -/ESA + and the higher expression of E-cadherin transcript levels. Ciarloni et al found that in mammary gland, 17-β estradiol stimulates release of AREG through the ER and requires AREG for terminal end buds formation in mice during puberty (48) .
In our study, 10 -10 M 17-β estradiol markedly increased the level of AREG in the conditioned medium, but inevitably promoted ER + breast cancer cells proliferation (49), which is not the outcome we expected. Some researchers have reported that estrogen may expand the pool of BCSCs in a paracrine manner (46, 50) . In contrast, our results show that GEN at physiological concentration (40 nM-2 µM) displays anti-mammary tumor effects thus manifesting that GEN exerts anti estrogenic effects consistent with others (34, 37) .
